As platelets aggregate and activate at the site of vascular injury to stem bleeding, they are subjected to a myriad of biochemical and biophysical signals and cues. As clot formation ensues, platelets interact with polymerizing fibrin scaffolds, exposing platelets to a large range of mechanical microenvironments. Here, we show for the first time (to our knowledge) that platelets, which are anucleate cellular fragments, sense microenvironmental mechanical properties, such as substrate stiffness, and transduce those cues into differential biological signals. Specifically, as platelets mechanosense the stiffness of the underlying fibrin/fibrinogen substrate, increasing substrate stiffness leads to increased platelet adhesion and spreading. Importantly, adhesion on stiffer substrates also leads to higher levels of platelet activation, as measured by integrin α IIb β 3 activation, α-granule secretion, and procoagulant activity. Mechanistically, we determined that Rac1 and actomyosin activity mediate substrate stiffness-dependent platelet adhesion, spreading, and activation to different degrees. This capability of platelets to mechanosense microenvironmental cues in a growing thrombus or hemostatic plug and then mechanotransduce those cues into differential levels of platelet adhesion, spreading, and activation provides biophysical insight into the underlying mechanisms of platelet aggregation and platelet activation heterogeneity during thrombus formation. mechanotransduction | cell mechanics | platelet cytoskeleton | biomaterials A s the first responders at the site of vascular injury, platelets are subjected to a dynamic microenvironment during the process of hemostasis (1-5). Biochemically, platelets are exposed to diverse and rapidly changing gradients of soluble proteins and agonists such as von Willebrand factor, ADP, and thrombin, all of which drive platelet adhesion and activation (6, 7). During this process, platelet activation may take several forms including activation of platelet α IIb β 3 integrins, secretion of α-and dense granules, and membrane phosphatidylserine (PS) exposure leading to a procoagulant phenotype (8, 9). Biophysically, platelets also activate and aggregate in response to the hemodynamic and shear forces of the circulation (10, 11). As clot formation ensues, platelets then interact with polymerizing fibrin scaffolds, exposing platelets to a large range of mechanical microenvironments. Although the underlying biochemical signaling pathways that govern the fibrinogen-α IIb β 3 -mediated processes have been well characterized, if and how the mechanical cues in the microenvironment affect platelet activation and physiology remain largely unknown. Indeed, as clot structure and mechanics are known to be heterogeneous within the same clot and more recent studies have demonstrated that platelet activation is also vastly heterogeneous within a growing thrombus (12-14), a systematic approach to investigate how platelet activation is affected by the mechanical microenvironment could lead to profound insights into platelet physiology.
As platelets aggregate and activate at the site of vascular injury to stem bleeding, they are subjected to a myriad of biochemical and biophysical signals and cues. As clot formation ensues, platelets interact with polymerizing fibrin scaffolds, exposing platelets to a large range of mechanical microenvironments. Here, we show for the first time (to our knowledge) that platelets, which are anucleate cellular fragments, sense microenvironmental mechanical properties, such as substrate stiffness, and transduce those cues into differential biological signals. Specifically, as platelets mechanosense the stiffness of the underlying fibrin/fibrinogen substrate, increasing substrate stiffness leads to increased platelet adhesion and spreading. Importantly, adhesion on stiffer substrates also leads to higher levels of platelet activation, as measured by integrin α IIb β 3 activation, α-granule secretion, and procoagulant activity. Mechanistically, we determined that Rac1 and actomyosin activity mediate substrate stiffness-dependent platelet adhesion, spreading, and activation to different degrees. This capability of platelets to mechanosense microenvironmental cues in a growing thrombus or hemostatic plug and then mechanotransduce those cues into differential levels of platelet adhesion, spreading, and activation provides biophysical insight into the underlying mechanisms of platelet aggregation and platelet activation heterogeneity during thrombus formation. mechanotransduction | cell mechanics | platelet cytoskeleton | biomaterials A s the first responders at the site of vascular injury, platelets are subjected to a dynamic microenvironment during the process of hemostasis (1) (2) (3) (4) (5) . Biochemically, platelets are exposed to diverse and rapidly changing gradients of soluble proteins and agonists such as von Willebrand factor, ADP, and thrombin, all of which drive platelet adhesion and activation (6, 7) . During this process, platelet activation may take several forms including activation of platelet α IIb β 3 integrins, secretion of α-and dense granules, and membrane phosphatidylserine (PS) exposure leading to a procoagulant phenotype (8, 9) . Biophysically, platelets also activate and aggregate in response to the hemodynamic and shear forces of the circulation (10, 11) . As clot formation ensues, platelets then interact with polymerizing fibrin scaffolds, exposing platelets to a large range of mechanical microenvironments. Although the underlying biochemical signaling pathways that govern the fibrinogen-α IIb β 3 -mediated processes have been well characterized, if and how the mechanical cues in the microenvironment affect platelet activation and physiology remain largely unknown. Indeed, as clot structure and mechanics are known to be heterogeneous within the same clot and more recent studies have demonstrated that platelet activation is also vastly heterogeneous within a growing thrombus (12) (13) (14) , a systematic approach to investigate how platelet activation is affected by the mechanical microenvironment could lead to profound insights into platelet physiology.
To that end and to decouple the mechanical cues from biological and biochemical factors that may be involved, we immobilized fibrinogen on polyacrylamide (PA) gels of varied stiffnesses and investigated how platelets biologically respond to these differences in substrate stiffness. Here, we observed that the number of adherent platelets and the average spreading area of these platelets increased with increasing substrate stiffness. Importantly, we also found that PA gels stiffer than 5 kPa caused more platelet activation, namely increased integrin α IIb β 3 activation, P-selectin secretion, and PS exposure, compared with softer gels. Furthermore, through a series of pharmacologic inhibition studies, we explored the underlying mechanisms that govern mechanotransduction in platelets during adhesion, spreading, and subsequent activation.
Results

Differential Platelet Adhesion and Spreading on Immobilized
Fibrinogen Is Mediated by Substrate Stiffness. For these experiments, platelets adhered and spread onto PA gels of varied stiffness in which the gel surfaces were conjugated with a constant density of fibrinogen. These matrices enable exquisite control of matrix mechanics without concomitantly altering ligand presentation Significance Platelets are cell fragments in the blood that initiate clot formation at the site of bleeding. Although the biological aspects of this process have been well characterized, whether platelets can detect and physiologically respond to the mechanical aspects of its local environment is unclear. Here, we show that platelets sense the stiffness of the underlying clot substrate, and increasing substrate stiffness increases platelet adhesion and spreading. Importantly, adhesion on stiffer substrates leads to higher levels of platelet activation. Mechanistically, we determined that Rac1, actin, and myosin activity mediate this process. This newfound capability of how platelets adjust their degree of activation based on the mechanical properties of their environment provides new insight into how clots are formed.
or density (15) (16) (17) . More specifically, one can modulate the stiffness of these materials as an isolated variable by manipulating cross-linking density in ways that do not require addition of more matrix ligand (i.e., fibrinogen), which could independently alter platelet function and confound interpretation of results. As such, use of these fibrinogen-conjugated PA gels enables the decoupling of the mechanical from biochemical cues of the platelet microenvironment (18) (19) (20) . PA gels of different stiffnesses were fabricated as previously reported (21), and their stiffnesses, which are defined by elastic moduli, ranged from 0.25 to 100 kPa. PA gel stiffness was modulated by adjusting the crosslinking density of the PA network. Fibrinogen was then covalently conjugated to the PA gel surface through a reaction between free amine groups on fibrinogen and prebound NHS groups on PA gels via UV grafting of Sulfo-SANPAH, as reported by others (22) . The fibrinogen density was confirmed to be constant on the PA gels of different stiffnesses (Fig. S1 ). Therefore, this platform allows us to focus only on varying substrate stiffness, while maintaining constant fibrinogen density on the PA gel surface (Fig. 1A) .
With this setup, we found that the number of adherent platelets on the PA gel surfaces after incubation increased with increasing substrate stiffness, reaching a plateau (∼10,000 platelets per mm 2 ) on 50-kPa PA gels and stiffer. In fact, the number of adherent platelets on 50-and 100-kPa gels is similar to the number of platelets adhered to fibrinogen-coated glass surfaces, which have a stiffness of >50 GPa (23), with no statistical differences ( Fig. 1 B  and C) . The average spread area of adherent platelets on gels of different stiffnesses also exhibited a similar trend as that of platelet adhesion and reached a similar plateau (∼23 μm 2 ) on 50-kPa gels and stiffer ( Fig. 1 B, D , and E). According to this trend, we used three stiffnesses, 0.5, 5, and 50 kPa, for the remainder of our experiments. In addition, for all of our studies, platelets were incubated for 2 h on fibrinogen-conjugated PA gels of different elastic moduli, ensuring that platelets, which may adhere more slowly on softer gels, have sufficient time to spread and activate.
As a previous study demonstrated that different concentrations of fibrinogen affects platelet adhesion and spreading (24), we conjugated fibrinogen at a lower (3 μg/mL) and a higher concentration (100 μg/mL) on PA gels of different elastic moduli ranging from 0.25 to 100 kPa. Although platelet adhesion and spreading were diminished overall at the higher fibrinogen concentration, which is consistent with the aforementioned study (24) , the substrate stiffness-mediated effects on platelet adhesion persisted (Fig. S2 ). This indicates that fibrinogen concentration and substrate stiffness affect platelet adhesion independently. In addition, we also determined that substrate stiffness-mediated platelet adhesion persisted under physiologic flow conditions at a shear rate of 100 s −1 (Fig. S3 ). Platelet activation upon adhesion onto immobilized fibrinogen can cause secretion of agonists, such as ADP and thromboxane A2, which in turn can lead to paracrine activation of neighboring platelets. To rule out that the difference of adhesion and spreading of adherent platelets on gels of different stiffnesses is caused only by agonist secretion, we treated platelets with apyrase, an ADP-degrading enzyme, and acetylsalicylic acid, a thromboxane A2 inhibitor, during incubation. Although apyrase and acetylsalicylic acid decreased the number of adherent platelets on gels of all stiffnesses, it did not change the trend of increasing platelet adhesion or spreading with increasing substrate stiffness ( Fig. S4 A and B) . Interestingly, exposure to 10 μM ADP significantly increased platelet adhesion on the softest 0.5-kPa gels to ∼7,000 platelets per mm 2 , and that on gels of 5 kPa to ∼9,500 platelets per mm 2 , whereas it did not affect platelet adhesion on gels of 50 kPa, thus "shifting" the plateau of platelet adhesion to a lower gel stiffness of 5 kPa (Fig. S4A ). This increased platelet adhesion is likely due to the inside-out activation of integrin α IIb β 3 by exogenous ADP (7). In addition, ADP exposure significantly increased the average spreading of adherent platelets on both 5-and 50-kPa gels (∼28 μm 2 ), whereas ADPexposed platelets remained unspread on 0.5 kPa (∼9 μm 2 ) (Fig.  S4B ). This also rules out the possibility that the comparably lower adhesion and spreading of platelets on soft substrates is due only to slower activation of integrin α IIb β 3 on soft substrates. Taken together, platelet mechanosensing during adhesion and spreading is not mediated by the secretion of agonists ADP and thromboxane A2.
Platelet Mechanosensing During Adhesion Is Mediated by Rac-1 Activity, Whereas Mechanosensing During Platelet Spreading Is Mediated by Myosin Activity and Actin Polymerization. To investigate the underlying mechanisms that govern platelet mechanosensing during adhesion and spreading, we exposed platelets to a series of pharmacological cytoskeletal inhibitors. Specifically, we found that GTPase Rac-1 inhibition with NSC23766 eliminated the substrate stiffness-mediated effect on both platelet adhesion and spreading on PA gels of all stiffnesses in a dose-dependent manner (Fig. 2 A  and B, and Fig. S5) . Indeed, when platelets were exposed to 300 μM NSC23766, platelet adhesion and spreading on both 5-and 50-kPa gels decreased to the levels of those observed on gels of 0.5 kPa.
In nucleated adherent cells, mechanotransduction is actomyosin mediated and affects cellular processes such as motility and spreading (25, 26) . In platelets, actin polymerization and myosin activity is also known to mediate shape change after activation (27, 28) . Therefore, in separate experiments, we pretreated platelets with two inhibitors of myosin light chain phosphorylation, ML-7 and Y-27632, which inhibit Ca 2+ /calmodulin-dependent myosin light chain kinase (MLCK) and Rho kinase (ROCK), respectively, as well as latrunculin A, which inhibits actin polymerization. Regarding adhesion, MLCK, ROCK, and actin polymerization inhibition did not affect the overall trend of increasing platelet adhesion with increasing substrate stiffness ( Fig. 2C and  Fig. S6 ). However, in terms of platelet spreading, the substrate stiffness-mediated effects were eliminated with MLCK and actin polymerization inhibition but not with ROCK inhibition (Fig. 2D and Fig. S6 ). This is consistent with a recent report showing that platelet adhesion and spreading on immobilized fibrinogen involve different signaling pathways (29) . These results indicate that, during spreading, platelet mechanosensing involves myosin activity and actin polymerization.
As Src family kinases (SFKs), including Lyn and Src, activate upstream of actin polymerization and play a major role in integrin α IIb β 3 -related outside-in signaling (30, 31), we also explored the effect of SFK inhibitor PP2 on platelet mechanosensing. Similar to latrunculin A and ML-7, PP2 did not block the substrate stiffness-mediated effects on platelet adhesion, but did block substrate stiffness-mediated effects on platelet spreading (Fig. S7) . In addition, as focal adhesion kinase (FAK) interacts with myosin contractility and is involved in mechanotransduction in nucleated cells, we also explored whether FAK regulates platelet mechanosensing using a FAK inhibitor but did not observe any detectable effect (Fig. S8) .
Substrate Stiffness Mediates Platelet Activation. As platelet adhesion and spreading triggers downstream platelet activation and signaling, we then investigated how substrate stiffness mediates platelet activation. Platelet adhesion to fibrinogen leads to integrin α IIb β 3 activation on the platelet surface via outside-in signaling (32, 33) . This, in turn, leads to further activation and platelet secretion of α-and dense granules. As granule contents are released into circulation, membrane proteins such as P-selectin translocate from the granule to the plasma membrane (34) . During the latter stages of activation, a subset of platelets, known as procoagulant platelets, expose PS on their surface, which promotes thrombin generation and amplifies clot formation (35) . Therefore, we used integrin α IIb β 3 activation, P-selectin surface expression, and PS exposure as markers of platelet activation (Fig. 3) .
Using fluorescently conjugated PAC1, an antibody that specifically binds to activated α IIb β 3 integrins (36), we quantified PAC-1-FITC intensity using confocal microscopy. Although all adherent platelets positively stained, the level of integrin α IIb β 3 activation differed among platelets adhered on PA gels of different substrate stiffnesses. The average intensity of adherent platelets on 0.5-kPa gels (∼4,000 A.U./platelets) was significantly lower than that of platelets on 5-and 50-kPa gels (∼11,000 A.U./platelets) (Fig. 3A) . All adherent platelets on soft gels of 0.5 kPa remained less spread with less integrin α IIb β 3 activation, even when normalized for platelet spreading area (Fig. 3A) . We also observed that the few unspread platelets on stiffer gels also exhibited less overall normalized integrin α IIb β 3 activation. This suggests that integrin α IIb β 3 activation is closely regulated by platelet mechanosensing during spreading and is further confirmed when inhibition of platelet spreading via latrunculin A, PP2, ML-7, and NSC23766 decreased the average PAC-1-FITC intensity of adherent platelets on both 5-and 50-kPa gels to the same level as platelets on 0.5-kPa gels (Fig. 3B) .
P-selectin immunostaining, a marker for α-granule secretion (34, 37), on nonpermeabilized platelets revealed that substrate stiffness also affected platelet P-selectin expression. The ratio of P-selectin-expressing platelets to total adherent platelets on 0.5-kPa gels was ∼18% and is significantly lower than that of platelets adhered onto stiffer 5-and 50-kPa gels, which was ∼55% (Fig. 3C) . Several studies have suggested that platelet α-granule secretion and P-selectin translocation to the platelet surface occurs during shape change (34) . Our results are consistent with thisas platelet spreading increased on stiffer substrates, P-selectin expression increased as well (Fig. 3C) . Inhibition of spreading using NSC23766, ML-7, and PP2 decreased the ratio of P-selectinexpressing platelets on 5-and 50-kPa gels to the same level as that on the softest 0.5-kPa gels (Fig. 3D) . However, the role of actin polymerization on P-selectin expression of adherent platelet is more complex. Although treatment with latrunculin A completely inhibited platelet spreading on stiffer gels, it did not block P-selectin expression on adherent platelets on gels of different stiffnesses. Low latrunculin concentrations have been reported to actually increase platelet P-selectin expression possibly due to inhibition of actin polymerization, thereby increasing cell membrane fusion and P-selectin exocytosis, which may also be the case in our experiments (38) .
We lastly tested how substrate stiffness affected procoagulant activity of activated platelets by measuring the percentage of PS-exposed adherent platelets via Annexin V staining. Our data revealed no detectable PS-exposed platelets on 0.5-kPa gels. However, on 5-and 50-kPa gels, ∼15-20% of adherent platelets exposed PS, again indicating that higher substrate stiffness leads to more platelet activation (Fig. 3E) . Moreover, PS exposure was only found on spread platelets on both 5-and 50-kPa gels. In addition, with inhibition of actin polymerization and myosin contractility, PS exposure was completely inhibited on platelets adhered on the stiffer 5-and 50-kPa gels (Fig. 3F) . Taken together, these results indicate that the procoagulant activity of platelets is actomyosin mediated and is coupled with the mechanotransductive signals that occur during spreading.
Discussion
Upon vascular injury, platelets are known to activate and respond to the hemodynamic and biochemical cues of the microenvironment, which ultimately leads to the formation of a hemostatic plug or thrombus. Here, we report for the first time (to our knowledge) that simply modulating substrate stiffness, as a pure and isolated variable that is precisely and quantitatively defined by the elastic modulus, directly changes the level of platelet adhesion, spreading, and activation. As the elastic modulus is an intrinsic physical property of a material that is independent of biological and biochemical factors, measurements of this purely mechanical variable can theoretically be used in concert with biological and biochemical characterization techniques to help predict how platelets will physiologically respond to different in vivo microenvironments and engineered biomaterials. The substrate stiffnesses used in this study span the physiologic elastic moduli of substrates that platelets might encounter in vivo during clot formation, including fibrinogen-coated vessel walls (39, 40) , fibrin networks (13, 41) , and individual fibrin fibers (13, 42) . Our findings have significant implications for our understanding of hemostasis and thrombosis, establishing that the elastic modulus of the developing clot, in and of itself, is sufficient to predictably mediate platelet adhesion, spreading, and activation.
Regarding the underlying mechanisms of our observations, platelet mechanosensing of the underlying substrate likely initiates as the α IIb β 3 integrin engages with fibrinogen/fibrin (Fig.  4) . As the platelet initiates contact, resistance of the substrate, which is dictated by its stiffness, balances the force generated by the inertial movement of the engaged platelet. Softer substrates will deform, exert less resistant force, and engage the integrin in a low-affinity state, which will cause relatively less α IIb β 3 integrin activation and platelet adhesion. Interestingly, this decreased outside-in α IIb β 3 integrin activation can be bypassed via platelet activation by exogenous ADP. Platelet activation with ADP leads to inside-out α IIb β 3 integrin activation, therefore significantly increasing platelet adhesion on the softer substrates (Fig. S4) . Larger resistant forces from stiffer substrates will likely switch α IIb β 3 integrins to the activated, extended state, increasing affinity, prolonging the lifetime of binding, and triggering stronger outside-in signaling than softer substrates (Fig. 4) . Our data also indicate that, further downstream, Rac1 also mediates platelet mechanosensing of substrate stiffness. In platelets, Rac1 acts downstream of integrin α IIb β 3 outside-in signaling to regulate lamellipodia formation, platelet aggregation, and granule secretion (43, 44) , and can activate Rap1b, which is involved in inside-out integrin α IIb β 3 activation (45). As Rac1 inhibition decreases platelet adhesion and activation on stiffer gels in a dose-dependent manner, it is likely that this integrin-Rac1-Rap1b circuit provides the mechanosensing machinery during platelet adhesion, further α IIb β 3 activation, and integrin clustering when platelets adhered on stiffer substrates, thus increasing adhesion as substrate stiffness increases. To balance the higher resistant forces of stiffer substrates, platelet actomyosin contractility increases, leading to further platelet spreading and activation, including granule secretion and PS exposure. However, as cytoskeletal inhibitors are not completely specific, there is a possibility that other signaling pathways may be involved as well.
Our observations are also pertinent from the perspectives of cellular mechanics and mechanotransduction, further establishing the platelet as a unique cellular entity. A major focus in cell biology is currently devoted to investigating the role of the nucleus, nuclear lamina, and nucleoskeleton in cellular mechanosensing (46) (47) (48) . As the platelet is anucleate and its cytoskeletal machinery is relatively simpler than that of other nucleated cells (49) , our data show that mechanosensing can occur and plays important roles even when the cellular structural building blocks are fairly basic. Therefore, we have discovered that functionally important mechanosensing does not depend on the presence of the nucleus or connections between the nucleoskeleton and cytoskeleton. In addition, our work establishes the platelet as a (relatively) simplified, experimental model to study the basic fundamentals of cellular mechanics and mechanotransduction.
The 2D nature of our data is an inherent limitation of our experimental setup as in vivo thrombi and clots are obviously 3D.
To that end, we formed 3D fibrin networks with different fibrinogen concentrations, which directly affect fibrin stiffness (13) , and observed that platelets in the stiffer fibrin networks exhibited stronger PS staining than platelets in softer fibrin networks (Fig. S9 A-D) . Although these experiments demonstrate that altering the architecture, and therefore stiffness, of the fibrin network directly affects platelet activation, use of 3D fibrin matrices is associated with several potentially confounding factors. Indeed, varying fibrinogen concentration upon fibrin polymerization not only alters the stiffness of the network but also changes ligand density, fibrin porosity, fibrin fiber length and thickness, and fibrin branching (13, 41) . Therefore, the 2D and 3D approaches complement each other in that the 2D PA studies enable rigorous and systematic investigation of how matrix stiffness influences platelet physiology, and the 3D fibrin studies provide some confirmation that predictions from these 2D studies are also observed in a matrix platform that more closely resembles in vivo clots.
Our findings may also provide insight into platelet aggregation and help explain the heterogeneity of platelet activation in a growing thrombus, which has clearly been documented in recent work (14, 50) . During thrombus formation and platelet aggregation, platelets interact and bind via monomeric fibrinogen, which functions as the bridging molecule between adjacent platelets (51) . Whereas biological agonists such as thrombin, ADP, and epinephrine are known to activate platelet aggregation, our data suggest that the mechanical microenvironment plays a potential role in this process as well.
Our results also add a previously unidentified dimension to the literature investigating platelet interactions with fibrinogen surfaces. Several groups have observed that multilayered fibrinogen decreases platelet adhesion (52) and that the fibrinogen density significantly affects platelet adhesion (24) . Our findings suggest that fibrinogen concentration and substrate stiffness are independent factors that affect platelet adhesion and spreading and appear to affect platelet behavior synergistically, although the relationship between the effects may not be linear. Consistent with the data published by Jirousková et al. (24) , platelet spreading on glass surfaces coated with lower fibrinogen concentrations (3 μg/mL) was significantly increased compared with that with higher fibrinogen concentrations (100 μg/mL) (Fig. S2) . At low fibrinogen concentrations, platelet spreading increased as substrate stiffness increased (Fig. 1) . In contrast, at high fibrinogen concentrations, platelet spreading was significantly diminished at all stiffness conditions including glass, although the overall substrate stiffnessmediated trend persisted (Fig. S2) . Therefore, both substrate stiffness and fibrinogen density affect platelet spreading. Mechanistically, it has been suggested that lower concentrations of immobilized fibrinogen expose more α IIb β 3 binding sites due to the horizontal orientation of fibrinogen molecules on the surface and, therefore, cause increased platelet spreading (24, 53) . On the other hand, higher concentrations of immobilized fibrinogen may expose only the γ-chain C-terminal α IIb β 3 binding sites due to the vertical orientation of fibrinogen, which is likely caused by molecular "crowding" on the surface. This, in turn, could lead to decreased α IIb β 3 binding and decreased platelet spreading overall. In greater context, this phenomenon likely works in concert with substrate stiffness, as spreading platelets engage immobilized fibrinogen with differing resistance forces due to differences in substrate stiffness. Therefore, platelet spreading is likely most pronounced at relatively low fibrinogen concentrations, which maximizes exposure of α IIb β 3 recognition sites, and at relatively high substrate stiffness, which maximizes α IIb β 3 affinity and outside-in signaling.
Leveraging a technique that specifically varies only the mechanical properties of the surface while maintaining the fibrinogen chemistry and density constant, we observed that substrate stiffness, in and of itself, significantly alters platelet adhesion, spreading, and activation as well. This mechanical microenvironmental parameter of platelet physiology also has profound implications for improving the biocompatibility of engineered biomaterials. Simply modifying the stiffness of catheters and medical implants could enable bioengineers to significantly decrease platelet deposition and clot formation on those surfaces, which is currently a major cause of device failure and patient morbidity.
Materials and Methods
Glass slides (12 mm in diameter) were silanized by surface activation with oxygen plasma for 1 min followed by treatment with 10% (vol/vol) (3-aminopropyl)-trimethoxysilane (Sigma) in 95% ethanol solution at 60°C for 1 h. Silanized glasses were then treated with 0.5% glutaraldehyde (Sigma) for 30 min. Prepolymer solutions with different ratios of acrylamide to bis-acrylamide (Sigma) were cross-linked on the treated glass surface with 0.1% ammonium persulfate and tetramethylethylenediamine to fabricate PA gels with different stiffnesses. PA gels were then soaked in Sulfo-SANPAH (Pierce)-Hepes buffer solution (0.25 mg/mL; pH 8.25) and exposed to UV light (365 nm) for 10 min. The PA gels were washed three times with Hepes buffer (pH 8.25) to remove Sulfo-SANPAH Fig. 4 . Proposed mechanisms of how substrate stiffness affects platelet activation. Platelet mechanosensing of the microenvironment, which includes heterogeneous fibrin polymer networks of differing mechanical properties, likely starts with the initial adhesive event, during which the resistant substrate force balances the inertial movement of the platelet. (A) A platelet engaging with a relatively soft substrate results in a weak α IIb β 3 -fibrinogen interaction and short bond lifetime. (B) A stiffer substrate, however, would provide more resistant force leading to more platelet adhesion and outside-in α IIb β 3 signaling. This in turn, would generate a high acto-myosin-mediated internal balancing force, resulting in more platelet spreading on stiffer substrate. Downstream signals will then further trigger platelet activation, thus up-regulating more α IIb β 3 activation, granule secretion, and PS exposure.
residues and then incubated in 3 μg/mL fibrinogen solution at 37°C overnight. The fibrinogen density was confirmed to be constant on the PA gels of different stiffnesses (Fig. S1 ). Platelet adhesion, spreading, and activation were analyzed after pretreated or nontreated platelets were incubated on the PA gels for 2 h. Detailed explanations of materials and methods can be found in SI Materials and Methods.
